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Abstract

The combination of modified mashing method and arrested fermentation for the production of low-alcohol and non-alcohol beers
was studied. Therefore, five regimes for fermentation of wort with reduced fermentable sugar content with top-fermenting yeast
strain at low temperatures and pitching rates were investigated. According to the fermentation dynamic results the decrease in
the fermentation temperature from 10 °C to 5 °C at pitching rate of 10° Colony Forming Units cm= (CFU cm™) led to significantly
reduced concentrations of ethanol and secondary metabolites in beer. The temperature decrease from 10 °C to 7 °C at pitching
rate of 107 CFU cm™3 resulted in a decrease in the alcohol concentration and increase in all the secondary metabolite concentrations
except for the vicinal diketones concentration. Data show that yeast biomass does not grow at 5 °C and at inoculum concentration
of 107 CFU cm™3, which makes fermentation impossible. Fermentation kinetics using Monod's model supplemented with product
inhibition was also investigated. Up to 1.7 % of alcohol accumulates in the beer in some of the variants within 7 days. At low fermentation
temperatures, yeast biomass utilizes part of the substrate to maintain its vital activity under stress fermentation conditions, which
leads to a reduction in the amount of alcohol synthesized. The synthesis and reduction of the secondary metabolites was delayed
compared to conventional beer fermentation. The sensory evaluation of the beers produced showed that the most appealing beer
was the one produced at 10 °C and pitching rate of 10° CFU cm™.
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1 Introduction

Globally, there is a growing interest in the development of
new assortments of beer with low-alcohol content. The main
reasons for the start of low-alcohol beer production in the
20" century were: the lack of raw materials during the World
Wars and the prohibition for manufacture, sale and consum-
mation of alcohol in the United States. At present, the expan-
sion of the assortment of beers with low-alcohol content is
motivated mainly by the following reasons: provision to beer
consumers of alternative products during their activities or
under conditions that are conflicting with alcohol consump-
tion; or promoting beers in countries where alcohol con-
sumption is forbidden due to religious reasons [1-3].

In most of the EU countries low-alcohol content beers
are divided into alcohol-free beers (AFBs) containing
below 0.5 % alcohol by volume (ABV), and low-alcohol
beers (LABs) with no more than 1.2 % ABV. In the United
States alcohol-free beer means that there is no alcohol
present, while the upper limit of 0.5 % ABV corresponds
to the so-called non-alcohol beer or "near-beer" [1].

There are two different main groups of methods for the
production of beer with low-alcohol content: physical
and biological. The physical methods are based on gentle
removal of alcohol from regular beer and the beers pro-
duced were with poor quality. The biological approaches
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are based on limited ethanol formation during beer fer-
mentation by changing the mashing regimes, arrest-
ing beer fermentation or using special yeast strains [1].
The most widespread biological approach is the combi-
nation of the modified mashing method and arrested or
stopped fermentation, which is carried out at low tem-
peratures. In these cases, wort with normal (9—13 °P) or
reduced initial extract (4—7.5 °P) is usually used [1, 4, 5].
Data showed that the wort composition has a significant
effect on the sensorial profile of the finished beer [1, 4-8].

The aim of the present work was to investigate the
fermentation regimes for the production of low-alcohol/
non-alcohol beer by using wort with low final attenuation,
obtained in our previous studies [9]. A novelty in the pres-
ent study is the possibility of applying conventional yeast
strains and the use of available equipment in the brew-
ing industry. This makes it possible to minimize the cost
of producing new beer assortments. The development of
kinetic models for the comparison of the different fer-
mentation types allows for numerical assessment of the
influence of the individual factors on the fermentation
process. Thus, the subjective factor is eliminated, and the
obtained models can be used for control and optimization
of the fermentation process. This is also an element of
originality in the present study.

2 Materials and methods

2.1 Yeast strains

Beer fermentation was carried out using a top-ferment-
ing dry yeast Saccharomyces cerevisiae Safbrew S-33
(Fermentis, France).

2.2 Wort

Wort was produced in 20 L laboratory scale brewery
(Braumeister, Germany). 4.5 kg malt were mixed with water
at a ratio of 1:5. Mashing was conducted by increasing the
temperature by 1.5 °C/min and by maintaining the follow-
ing temperature rests: 30 min at 50 °C and 60 min at 77 °C
and 1 min at 78 °C [9]. Lautering and boiling were also
conducted in the same Braumeister. Boiling duration was
approximately 1 h and Nugget hop granules were added to
the wort at the beginning of the process. After the hot trub
removal, the wort was cooled to the fermentation tempera-
ture. The wort characteristics are given in Table 1.

2.3 Wort fermentation

The fermentations were carried in plastic bottles, with a
volume of 500 mL, equipped with an airlock system.
400 mL of wort were placed into the bottles and inoculated

Table 1 Wort carbohydrates [9]

Parameter Value
Original extract, °P 11.5+0.5
Glucose, % 0.6+0.1
Fructose, % 0.1+0.025
Maltose, % 3.5+0.25
Fermentation degree, % 63.5

with a yeast suspension, according to Table 2. The bot-
tles were incubated at constant fermentation temperatures
according to Table 2.

The fermentation temperature in Table 2 was selected
based onpreliminary data onthe behavior of Saccharomyces
cerevisiae Safbrew S-33. The data show limitation of alco-
hol synthesis at temperatures below 10 °C. The data in [1]
show that most studies with top-fermenting yeast strains
are performed in the temperature range of 0 °C to 12 °C.
In a series of experiments with inoculum concentration of
107 Colony Forming Units cm™ (CFU c¢m™), it was found
that at 5 °C the concentration of metabolites was below the
sensitivity threshold of the respective methods, therefore
no data on the fermentation process are presented.

2.4 Analytical methods and procedures

1. Standard methods according to EBC [10]

2. Determination of metabolite concentrations. The alde-
hyde concentration was determined according to the
bisulfite method after simple sample distillation of the
beer. The ester concentration was determined by ester
saponification with NaOH after simple sample distilla-
tion of the beer. The higher alcohol concentration was
determined according to the Komarovsky-Felenberg
method after simple sample distillation of the beer [11].

3. Determination of biomass: Biomass concentration
was calculated according to [12].

2.5 Mathematical and statistical analyses

Mathematical and statistical analyses were made accord-
ing to Egs. (1) and (2). The identification of the model
parameters was done in Mat Lab environment through a
specially developed software system [13, 14].

Table 2 Fermentation conditions

Variant Inoculum, CFU ¢cm™ Temperature, °C
1 10
2 10° 7
3 5
4 10
107
5 7




2.6 Sensory analysis

Beer sensory evaluation was carried out by a trained,

6-member tasting panel. The scores ranged from 0 (absent)

to 10 (extremely strong). The eight attributes assessed were:
1. flowery notes;

. fruity notes;

. aroma intensity;

. aroma purity;

. body structure;

. malty tones;

. carbonization;
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. feeling of alcohol.

Blind-tasting was conducted on all the experimental
samples. The results were depicted in a spider plot and
the values were expressed as the mean values of the two
technological replicates.
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in Eq. (2)
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where B — biomass concentration, g L™'; 4 — alcohol con-
centration (product), g L™'; RE — real extract (substrate),
gL' r—time,h; Y, .Y, .
cific growth rate, h™'; x ~ — maximal specific growth

— yield coefficients; u — spe-

rate, h™'; g, — specific alcohol accumulation rate, g (g h)™';
4 ;e — Maximal specific alcohol accumulation rate, g (gh)™;
Est — ester concentration, mg L™'; HA4 — higher alcohol con-
centration, mg L™'; Ald — aldehyde concentration, mg L';

VDK — vicinal diketones concentration, mg L™; Y, , Y, ,
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Yoo Yypi — Yield coefficients of the corresponding metabo-

lites, mg (gh)'; &, , k

Ald> “"VDK

hydes and vicinal diketones, mg (g h)™; K, K, — Monod

— reduction coefficients for alde-

constants, g L™; K

. 4
s> K, — inhibition constants, g L™

3 Results and discussion

Limiting the fermentation in brewing is most often associ-
ated with a fermentation temperature below the optimal for
the selected yeast strain. In the present study, it has been cho-
sen to work with a top-fermenting yeast strain whose opti-
mal fermentation temperature is in the range of 15-25 °C.

3.1 Fermentation at pitching rate of 10° CFU cm™

3.1.1 Fermentation dynamics

The first series of experiments were conducted at initial
biomass concentration of 10° CFU cm™3, which was typical
for traditional pale beer. The fermentation temperatures
were in the range of 5-10 °C. The data obtained are sum-
marized in Fig. 1.

In variant 1, synthesis and reduction of the major metab-
olite groups (esters, aldehydes, higher alcohols and vicinal
diketones) were delayed compared to conventional beer
fermentation with the same yeast strain [14]. The ester
synthesis started at the beginning of the fermentation and
reached its peak by the 48" hour. Afterwards, the ester
synthesis practically stopped. The obtained beer ester
concentration was approximately 30 mg L™, which was
2 to 4 times lower than the ester concentration in conven-
tional beer [14]. In the low-alcohol beer the concentration
of higher alcohols was about 20 mg L™, which was almost
2-3 times lower than the same parameter of conven-
tional beer produced with the same yeast strain [13, 14].
An advantage of the low-alcohol fermentation is the low
synthesis of carbonyl compounds, which also leads to the
reduction of the beer maturation time. In the selected fer-
mentation regime, the aldehyde synthesis was poor and
their concentration did not exceed 1.5 mg L', which was
about 20 times lower than their concentration in conven-
tional beer obtained with the same strain [14]. On the other
hand, the maximum concentration of vicinal diketones
was 2 to 3 times lower than the one in conventional beer
produced with the same yeast strain. The low fermentation
temperature restricted the rapid reduction of the vicinal
diketones and their concentration remained relatively high
at the end of the fermentation - about 0.3 mg L. It can
be suggested that the low fermentation temperature and
low biomass concentration were the main reasons for the
increase in the vicinal diketones concentration.
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Fig. 1 Dynamics of the fermentation process for low-alcohol beer production; (a) real extract and alcohol, (b) biomass and pH, (c) esters and higher

alcohols, (d) carbonyl compounds — aldehydes and vicinal diketones; Variants — according to Table 2; Legend: B — biomass; Alc — alcohol;
RE —real extract; VDK — vicinal diketones; Ald — aldehydes; HA — higher alcohols; Est — esters; pH — pH value

In variant 2, the initial biomass concentration was the
same as in the previous variant but the temperature was
reduced to 7 °C (Fig. 1, Table 2). Fermentation started rela-
tively slowly and it became vigorous after 96 hours. At the
end of the fermentation the beer ethanol concentration
was 0.8 % (w/w), which corresponded to apparent attenu-
ation of 34 %. Although the apparent attenuation was sim-
ilar to that of the previous variant, the amount of alcohol
produced was twice as low. Therefore, it can be suggested
that yeast utilized wort carbohydrates for preserving
their vitality and stored carbohydrates in order to survive
the stressful fermentation conditions. The biomass concen-
tration changed to a small extent - for the entire fermen-
tation process, it increased about 30—40 %. The decrease
in temperature affected to a great extent the secondary
metabolism of the cells. Low synthesis of carbonyl com-
pounds was observed. At the end of the process, the alde-
hyde concentration did not exceed 2 mg L™, and vicinal

diketones concentration was about 0.25 mg L™'. The car-
bonyl compound reduction under these fermentation con-
ditions was highly inhibited, but it did not affect the qual-
ity of the final beer due to the fact, that their synthesis was
also reduced. The decrease in fermentation temperature
strongly affected the beer higher alcohol synthesis as well.
At this fermentation regime, it was difficult to accumulate
more than 2 mg L', which was 5 to 7 times lower than the
previous fermentation variant. It is interesting to note that
ester synthesis was poorly affected by the decrease in the
fermentation temperature. Their concentration was close
to the one observed at the previous fermentation regime.
In variant 3, the fermentation temperature was 5 °C and
the initial biomass concentration was the same as the one
in the previous two variants (Fig. 1, Table 2). The low fer-
mentation temperature was the main reason for the fermen-
tation to start after the 96" hour. At the end of the process,
the beer alcohol content was approximately 0.3 % (w/w).



The low temperature provoked reduced biomass growth,
therefore, its concentration increased by only 11 %.
The apparent attenuation was only 6 %, i.e. most of the
wort carbohydrates were not fermented. The reduction
of the fermentation temperature to 5 °C, despite of the
high pitching rate, led to limited synthesis of the second-
ary metabolites. Unlike the previous regime, the decrease
in the temperature affected the ester synthesis more
strongly, resulting in approximately 1.5 times lower ester
concentration than in the fermentation at 7 °C. Compared
to conventional beer produced under optimal conditions
with the same yeast strain [13, 15], the ester concentra-
tion was 5—10 times lower, which affected the flavor beer
profile. Aldehyde synthesis was also inhibited and their
maximal concentration in beer was 8 mg L. In contrast
to the previous variants, aldehyde reduction was observed
(Fig. 1 (d)). Higher alcohol synthesis was also hampered
and their concentration in beer did not exceed 4—5 mg L.
In the case of vicinal diketones, the tendency for limited
synthesis was also observed. Vicinal diketones reduction
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was not observed due to the low fermentation tempera-
ture. Their concentration in the final product was approx-
imately 0.2 mg L.,

3.1.2 Fermentation kinetics

In our previous studies [16—18], different types of models
for describing the fermentation kinetics were discussed.
In the present study of limited alcohol fermentation,
the Monod model, supplemented with product inhibition
showed the highest accuracy. The main reason was low
glucose content of wort and therefore, the catabolic repres-
sion was not so enhanced. The low temperature increased
the effect of the product inhibition on the cells, which was
also commented in our previous studies [16—18]. Data is
summarized in Table 3. The biomass specific growth
rate was relatively low, and it did not exceed 0.026 h™'
for the three fermentation regimes (Table 3). Therefore,
it led to the low ethanol production rate and low second-
ary metabolite production rates in beer. The low fermen-
tation temperature resulted in very high K, values in all

Table 3 Kinetic characteristics of fermentation for the production of low-alcohol and non-alcohol beers

PRIMARY METABOLISM
Variant Hina Ky, - Ky Yy Y e Ky, Ky,
h gL g(gh) gL - - gL gL'
1 0.026 1211.0 0.016 2.061 0.035 0.085 0.297 0.042
R*=98.92 % R*=99.46 % R?=99.06 % - -
5 0.026 1081.7 0.004 2.053 0.028 0.033 0.341 0.341
R*=98.43 % R*=98.96 % R=9772% - -
5 0.012 2093.7 0.001 1.652 0.037 0.046 0.417 0.711
R2=92.11% R =93.15% R*=96.65% - -
A 0.023 1790.7 0.005 1.0615 0.0331  0.0726 0.3711 0.6141
R*=9535% R*=98.97% R*=96.33 % - -
S 0.018 24577 0.003 1.1135 0.0307  0.0878 0.3534 0.6140
R*=97.82% R*=98.36% R*=97.03 % - -
SECONDARY METABOLISM
4 Ald kAld Y Est Y HA Y, VDK K VDK -
mg (gh)” ,
| 0.393 0.620 0.112 0.067 0.008 0.025 -
R*=86.75% R=7542% R*=9924% R=9772% -
5 0.410 0.802 0.073 0.001 0.002 0.011 -
R*=96.25% R*=8833% R*=9711% R*=9523% -
5 1.604 0.201 0.143 0.034 0.004 0.012 -
R*=88.33 % R=9237%  R*=9513% R*=93.35% -
A 0.222 0.012 0.108 0.074 0.009 0.029 -
R>=187.65% R*=9876%  R?=96.54% R*=9321% -
S 1.035 0.029 0.132 0.364 0.010 0.031 -
R*=18525% R*=99.76%  R*=93.54% R*=9721% -
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three models, which was the main reason for the low bio-
mass maximum specific growth rate. Moreover, the prod-
uct inhibition on biomass growth under these fermentation
conditions started when the ethanol concentration was
about 2 g L', The selected model described the extract
consumption during fermentation with high accuracy.
Typically, the model accuracy enhanced with the increase
in fermentation temperature. This is due to the fact, that
the model implied a monotone extract reduction, which
required more time in a limited fermentation regime.

Arrested fermentation also led to a decrease in the
yields coefficients of the major metabolite groups and their
values did not exceed 0.5 mg (g h)™! (with the exception of
the yield coefficient for aldehydes), which in combination
with the low biomass growth resulted in their low concen-
trations in the finished beer. Limited reduction of the car-
bonyl compounds was observed, which was mainly due to
the low temperature.

The interesting data was the aldehyde yield coeffi-
cient at 5 °C (1.604 mg (g h)™"). At this temperature, yeast
cells tried to accumulate storage substances for preserv-
ing their vitality, which led to the increased production of
acetaldehyde, which however did not transform into etha-
nol. Unfortunately, the model did not describe the aldehyde
synthesis and reduction with high accuracy due to the low
reduction rate. This affected the overall model accuracy
as well and resulted in a higher error. In regard to vicinal
diketones, the model described the experimental results with
high precision. The model showed that the decrease in the
fermentation temperature led not only to a decrease in their
synthesis rates, but also to a decrease in the reduction rates.

3.2 Fermentation at pitching rate of 10’ CFU cm™

The data from the first series of experiments showed that
the fermentation temperature was crucial for the etha-
nol concentration in the finished beer. The other strategy
for reducing the ethanol content is to decrease the biomass
concentration. Therefore, two more fermentations were car-
ried out at 7 °C and 10 °C with an initial cell concentration
of 107 CFU cm™. At 5 °C it was found that fermentation did
not start within the first 7 days and the secondary metabo-
lite concentrations were below the detection threshold.

3.2.1 Fermentation dynamics

Fermentation data at 10 °C and 107 CFU c¢cm™ are shown
in Fig. 1. The fermentation started relatively slowly, in the
first 4 days only biomass grew (the increase in biomass
concentration was about 30 %), the alcohol fermentation

actually began afterwards. At the end of the fermenta-
tion the beer ethanol concentration was 0.8 % (W/w).
The results for the secondary metabolite synthesis and
reduction were very contradictory compared to the results
for variant 1. The low pitching rate was the main reason
for the fact that the ester concentration was twice as low.
Nevertheless, the higher alcohol concentration was com-
parable with the results for variant 1. An increased synthe-
sis of carbonyl compounds was observed. The aldehyde
concentration was approximately 20 mg L. The synthe-
sis of vicinal diketones was rather accelerated, because
their synthesis is a part of an amino acid biosynthetic
pathway. On the other hand, the low temperature com-
bined with the low biomass concentration led to the slight
reduction of diacetyl and 2,3-pentanedione. Therefore,
the vicinal diketones concentration in the final beer was
higher than the one in variant 1.

The last fermentation variant was at 7 °C and details
of this fermentation process are presented in Fig. 1.
In this case, the active fermentation started after about
72-96 hours and at the end of the process the ethanol con-
centration was approximately 0.45 % (w/w). This guaran-
teed an apparent attenuation of about 9 % or only 10 %
real degree of fermentation. Concerning the alcohol con-
centration, beer met the requirements for non-alcohol
beverages. In the first 72—96 h the biomass concentration
increased by about 30 %, which was necessary for the start
of the active fermentation process. The dynamics of the
synthesis and reduction of major secondary metabolites
was not significantly different from the cases previously
described. The combination of low temperature and low
pitching rate led to a reduced synthesis of esters, higher
alcohols and aldehydes. In the case of vicinal diketones
and aldehydes, a decreased reduction was also observed,
but it did not affect the final beer quality due to the low
synthesis of these groups of substances.

3.2.2 Fermentation Kinetics
Analogous to the previous regimes, the fermentation
kinetics were evaluated at a pitching rate of 10’ CFU cm™.
The Monod model supplemented with product inhibition
was used and the data obtained is summarized in Table 3.
Primary cell metabolism did not show any significant
differences from the one observed at the previous three
regimes. The data shows that the biomass specific growth
rate was very low (0.018-0.023 h™'), but the decrease
in the pitching rate led to about 5-10 times lower spe-
cific rates of ethanol production compared to the previous



variants. Decreased pitching rate and low temperature
were the main reasons the reduced ethanol production.
The data in Table 3 shows that the substrate utilization was
inhibited at these low fermentation temperatures, which
was confirmed by high values of the K, coefficients.
Under these fermentation conditions, the biomass and eth-
anol yield coefficients were also rather low. Moreover, the
data obtained confirmed that these regimes were suitable
for the production of low-alcohol and even non-alcohol
beer, since the selected combination of temperature and
pitching rate resulted in the accumulation of less ethanol
in the final product. The wort composition in regard to fer-
mentable sugar content also helped the production of beer
with reduced alcohol content.

The results for ester and higher alcohol synthesis of
these two variants at pitching rate of 10’ CFU cm™ were
very interesting. The decrease in the pitching rate led to
the increase in the yield coefficients for esters and higher
alcohols. Therefore, fruity notes (banana, apple) were
found in the sensorial evaluation of the laboratory pro-
duced beers. It is interesting to note that the decrease
in the temperature resulted in 6-fold increase in the yield
coefficient of higher alcohols, which also reflected to the
higher alcohols concentrations in beer.

The decrease in the pitching rate led to the increase
in the vicinal diketones yield and reduction coeffi-
cients. Nevertheless, the model accuracy increased with
the decrease in the fermentation temperature. However,
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vicinal diketones concentrations in the beer were rela-
tively low and they were up to 0.25-0.35 mg L.

In regard to aldehydes, the yield coefficient at 7 °C was
almost 5 times higher than the same parameter in fer-
mentation at 10 °C, which can be explained by the cells
attempts for adaptation to the stress conditions of fermen-
tation. The higher aldehyde reduction coefficient at 7 °C
was the main reason for almost equal aldehyde concentra-
tion in beer - about 20-25 mg L.

Unlike the previous three fermentation regimes, the
decrease in the pitching rate and the fermentation tem-
perature positively affected the model accuracy, especially
those for the secondary metabolism of the cells. Therefore,
the error data of the primary and secondary cell metabo-
lism models were lower.

3.3 Sensory assessments

The aroma and taste of beer with reduced alcohol con-
tent is usually rather different from its fully fermented
counterpart and this beer often suffers from different
flavor problems [1]. Therefore, sensory assessments of
beers obtained were carried out and the data is presented
on Fig. 2. Different variants had their individual sensorial
characteristics, but the panel preferred mostly variant 1.
Beer variant 1 received highest scores in all of the cate-
gories except carbonization. The panel evaluated it highly
because its sensory profile was closer to the one of con-
ventional beer. The least preferred sample was variant 5.

E

Fig. 2 Sensory assessment of experiment beer variants; Legend: A — flower notes; B — fruity notes; C — aroma intensity; D — aroma purity;

E — body structure; F — malty tones; G — carbonization; H — feeling of alcohol
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3.4 Discussion

The proposed study examined 5 fermentation regimes,
each with its specific advantages and disadvantages.
Generally, the choice comes to the regimes with higher
cell content and at temperatures of 7-10 °C, with the
amount of alcohol and extract in the beer being adjusted
by dilution with carbonated water.

Compared to other methods and modes used for obtain-
ing beer with reduced alcohol content, the proposed
method is characterized by a number of advantages - it
uses the standardized equipment of breweries, allows the
use of conventional yeast, etc. In the present case, the lim-
itation of the alcohol fermentation was estimated by the
kinetic parameters, which allows the production process
to be optimized. Existing technologies for the production
of beer with reduced alcohol content are based on the lim-
itation of alcohol fermentation. As already pointed out,
the main difficulty with limited fermentation is the lim-
ited metabolite synthesis, which affects the final prod-
uct. In practice, different approaches are used to deal
with this problem. Most often, it is solved by producing
beer with mash with high initial mash extract, which pro-
vokes increased production of esters and higher alcohols.
The resulting beer is then diluted with carbonated water
to the appropriate concentrations with respect to the etha-
nol and the extract [1, 4—8]. As can be seen, the proposed
operational modes lead to the production of beer with an
alcohol content, which does not require significant dilu-
tion to the corresponding alcohol content.

Another way to improve the beer organoleptic profile is
by fermentation at higher temperatures and reduction of the
mash oxygen content, which increases the amount of esters
produced, when yeast is used to produce ale. Increasing
the initial fermentation temperature increases the fer-
mentation rate but provokes the accumulation of more
volatile components and vicinal diketones. Comparison
of different yeast strains shows that more aliphatic alco-
hols accumulate at low fermentation rates, while the use
of top-fermenting strains leads to the increase in the dia-
cetyl amount as well. After fermentation discontinuation
at an alcohol content of less than 0.5 % vol., it is neces-
sary for the beer to mature for about 10 days at 0—1 °C
in order to remove the sulfur components. The resulting
low-alcohol beer is then filtered, carbonized, stabilized,
and sterilized [1, 4-8]. In the cases under consideration,
the synthesis and reduction of secondary metabolites can

be regulated by changes in temperature and inoculum con-
centration, which significantly reduces the risks described.

The proposed method is close to the so-called Cold
Contact Process (CCP), in which the beer is produced
by fermentation of low-extract beer mash (6 %) at 0—1 °C
and initial pH = 4 (after acidification with lactic acid).
Data show that relatively normal amounts of ethanol
and metabolites accumulate in beer under these condi-
tions [1, 19, 20]. The main difference is the use of wort
with extract content that meets the standardized indicators
for ordinary beer but has a reduced degree of fermentation.
The choice of fermentation regimes should be related to the
equipment available, the mash composition and the yeast
strain. The improvement of the beer organoleptic profile
can also be done by other methods [1].

4 Conclusion

Each of the investigated 5 regimes for low-alcohol and
non-alcohol beer production had its specific advan-
tages and disadvantages. However, the combination of
fermentation temperature of 10 °C and pitching rate of
10° CFU cm™ led to the production of beer, which was
evaluated with highest scores by the tasting panel because
the secondary metabolite concentrations were close to the
greatest extent to the ones of conventional pale beer, com-
pared to the other variants. Although the alcohol concen-
tration was close to the upper limit for low-alcohol beer,
the beer can be diluted with carbonated water as it is made
for the commercial high gravity beers.

It has been found that the alcohol fermentation pro-
cess is best described by the Monod model, supplemented
by product inhibition. Inhibition increases with decreas-
ing the fermentation temperature, which in combination
with the low concentration of fermentable sugars, is the
reason for the limited alcohol synthesis.
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